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SINGLE MOLECULE CONDUCTANCE OF BIOLOGICAL 
 
BUILDING BLOCKS PURINES AND IMIDAZOLE 
 
XIAOYUN PAN 
ABSTRACT 
 In the last decade, biological molecules such as Deoxyribonucleic acid (DNA) 
and some proteins have attracted attention as material candidates for molecular 
electronics applications. Yet, despite numerous studies of electron transport in DNA in 
particular, inconsistencies in experimental results persist. As a result, both the degree and 
mechanism of charge transport in these biological molecules remain disputed. To 
understand if different binding configurations of DNA on metal electrodes through 
unexpected moieties could be responsible for experimental inconsistencies in the 
literature, we investigate whether small molecules ubiquitous in both nucleic acids and 
amino acids, such as purines and imidazole, bind to gold electrodes and produce 
conductance signature. In this study, we use the Scanning Probe Microscope-based Break 
Junctions approach method to study single molecule conductance and binding geometry 
of the purine bases of DNA, particularly adenine and guanine. In addition, the 
Conductive Atomic Force Microscope-based Break Junction (CAFMBJ) platform has 
been created to simultaneously measure both electrical and mechanical properties of 
these single molecule junctions. Our measurements indicate that purines bind in the 
junction and display several robust conductance signatures on gold. We find that both 
purine and adenine bind through the imidazole, which is identified, for the first time, as a 
new linker group for single molecule conductance measurements.  
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INTRODUCTION 
Motivation 
Researchers are striving to develop molecular electronics to overcome the 
limitation of silicon-based devices. In the last few decades, Deoxyribonucleic acid 
(DNA) and proteins have gained attention as potential components of molecular 
electronics. Individual DNA strands consist of a phosphate-deoxyribose backbone 
connecting the electron-rich nitrogenous bases of Purines (Adenine and Guanine) or 
Pyrimidines (Cytosine and Thymine). This stable double helix structure allows electron 
density of nitrogenous bases to overlap and leads to the stacking of their π-orbitals. It has 
been suggested that the π- π stacking of DNA bases can explain the high conductivity 
observed in some experimental studies.1 Some pioneering work by Barton et al. on the 
photoelectrical system has reported a weak distance dependence of DNA molecule in 
long-range transport and suggested the idea of DNA can act as a molecular wire.2 
 
Figure 1-1. DNA double helix structure forms by base pairs attached to a sugar-phosphate 
backbone. 
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Since the seminal work by the Barton lab, numerous experiments have attempted 
to establish the electrical properties of DNA. However, the results still remain highly 
controversial due to, in part, poor control and understanding of experimental conditions. 
The experimental outcomes are ranging from insulating behavior to induced 
superconductivity.1 Many researchers have used the Scanning Tunneling Microscope 
Break Junction (STMBJ) approach to study the conductance of DNA by functionalizing 
short DNA molecules with chemical linker groups, such as amines and thiols to bind 
them to gold electrodes and measure current across individual DNA molecules.3 
However, the variability of experimental outcomes in these experiments suggests that 
DNA-gold binding configuration is not well controlled. As a result, whether DNA has 
intrinsic conductivity is still disputed. 
Goal and Hypothesis  
  In this thesis, we investigate whether DNA can bind to the gold electrodes 
through the native amines and imines naturally found in the nitrogenous bases of the 
double-helix. These linkers have been established as robust binding groups in STMBJ 
single molecule conductance experiments. We hypothesize that DNA may bind to 
electrodes directly through the nitrogenous bases, bypassing intended attachment points, 
leading to variability in conductance measurements.   
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Figure 1-2. All four DNA nitrogenous bases. Adenine and guanine are grouped as purines, 
cytosine and thymine are grouped as pyrimidines.  
 
By utilizing the Scanning Probe Microscope based Break Junction approach, we 
measure conductance and force signatures of individual purine molecules. We 
hypothesize that the nitrogenous bases will bind to the metal electrode through the native 
amines and imines group and display robust conductance signatures. We choose to focus 
on purines, adenine, and guanine because they are richer in imines and amine than 
pyrimidines. 
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Figure 1-3. Potential binding sites of all four DNA nitrogenous bases. 
 
Scanning Probe Microscopy (SPM) Based Break Junction 
The rapid development of the break junction approach allows researchers to 
repeatedly measure a single molecule bound between two metal electrodes. Here, we use 
this technique to measure the conductance of gold-purine-gold junctions4. While both 
STMBJ (Figure 1-4A) and AFMBJ (Figure 1-4B) where attempted, only the STMBJ 
results are presented here; the AFMBJ setup is still under construction and is the focus of 
future research directions.  
 
Figure 1-4. Scanning Probe Microscopy (SPM) Based Break Junction (a) Scanning 
Tunneling Microscope based Break Junction (STMBJ) (b) Conductive Atomic Force 
Microscope based Break Junction (CAFMBJ) 
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In the STMBJ approach, two metal electrodes are repeatedly brought into contact 
and then pulled apart with sub-angstrom control in the presence of molecules of interest. 
Once the metal contact is broken, a sub-nanometer gap is formed where a single molecule 
can bind between the tip and the substrate, closing the electrical circuit so that its 
conductance can be measured.5   
AFM is an established force spectroscopy tool to study the mechanical properties 
of materials at the nano-scale. For example, AFM has been used to study the mechanical 
folding and unfolding on a single protein.6 Here we adapt the Asylum MFP3D instrument 
to perform conductance as well as force measurements of nanoscale metal-metal 
junctions. In the future, we plan to increase the signal-to-noise of this instrument for 
simultaneous conductance and force measurements of single metal-molecule-metal 
junctions.  
Electron Transport on a Single Atom Scale 
The one-dimensional electron transport through a nanometer-sized single 
molecule junction is ballistic and given by the Landauer formula.7 
G =
2𝑒2
ℎ
∑ 𝑇𝑁
𝑁
 
The summation is over all available conductance channels and the transmission 
probability 𝑇𝑛describes transmissions through every available channel. For a one-atom 
thick gold wire, only one conductance channel with a near perfect transmission is 
available so the transmission over 𝑇𝑛 can be approximated to one. Thus the conductance 
of a single gold atom contact is given by 
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𝐺0 =
2𝑒2
ℎ
≅ 77.5𝜇𝑆 
which is the quantum of conductance. As the junction is stretched in our experiment and 
the number of gold atoms in the contact decreases, the current drops in integer multiples 
of 𝐺0. Figure 1-5 shows the experimentally-observed conductance steps at integer values 
of 𝐺0 and the final drop in current, indicating gold contact rupture and the formation of 
the inter-electrode gap.  
 
Figure 1-5. A conductance versus displacement trace showing stepwise decrease in 
conductance in the unit of 𝑮𝟎 (left). Sample conductance traces shown on a logarithmic plot 
where the sudden drop in conductance after junction rupture is clearly visible (right).  
 
Metal-Molecule-Metal Junction 
The illustration 1-1 shows a schematic of the metal-molecule-metal junction when 
the molecule binds to the metal electrodes. The electrodes connected to the molecule by 
the linker group on the terminal ends of the molecule. The backbone is the main path of 
the current flow through the junction; the substituents attached on the backbone can 
affect the electron structure of the molecule and change conductance of the junction. 
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Overall, the transmission probability through the molecule depends on the alignment of 
the Fermi level, 𝐸𝑓, to the molecule orbitals HOMO or LUMO.
8 
 
Illustration 1-1. A schematic of the metal-molecule-metal junction using 1,4 
diaminobenzene as an example.  
 
Previous Studies 
The amine linker group has been used extensively in single molecule conductance 
measurements9. Conductance measurements of oligophenyl amines are shown in figure 
1-6. All the amine-terminated molecules bound to gold electrodes display conductance 
signatures within a narrow range of conductance values. This property results in a single 
peak in conductance histograms constructed from thousands of conductance traces. DFT 
studies have shown that the one peak feature is due to the amine linker binding 
preferentially to under coordinated gold atoms rather than to a variety of gold sites.  
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Figure 1-6. Single molecule conductance measurements of 4,4'-Diamino-p-terphenyl in 
pink, 4,4'-Biphenyldiamine in red, p-Phenylenediamine in orange.  
 
 
Figure 1-7. DFT calculation of 1,4-butanediamine with the gold electrode.  
Another linker group that has been previously studied is pyridine. Unlike amine, 
the pyridine linker group shows two distinct conductance values, which results in two 
conductance peaks in conductance histograms10. DFT studies of 4, 4 bipyridine molecule 
have revealed that two binding geometries of pyridine-terminated molecules contribute to 
different conductance values. When the gold contact ruptures upon pulling, a gap smaller 
than the molecule length forms, where the pyridine molecules bind to the electrodes in a 
titled geometry. This geometry allows the gold electrodes to have better coupling to the 
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molecular π system, results in higher conductance. As the electrodes pull further apart, 
the molecule becomes vertical in the junction, so that the gold electrodes are not well 
coupled to the molecular π system and results in lower conductance value.  
 
Figure 1-8. Single molecule conductance measurements of 4, 4bipyridine in green, 1,2-bis(4-
pyridyl)ethylene in blue, 4, 4-bis(4-terpyridine) in yellow, 1,2-bis(4-pyridyl)ethane in red.  
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EXPERIMENTAL PROCEDURES 
Scanning Tunneling Microscope Break Junction Setup 
A home-built STMBJ has been set up in the Kamenetska lab. The setup and the 
circuit diagram of the junction are shown in figure 2-1. A 10K Ω resistor is connected in 
series with the junction to prevent saturation of the current-voltage amplifier for all 
experiments.  
 
Figure 2-1. The home-built STMBJ setup (left); a circuit diagram of the instrument.  
 
The sub-angstrom precision piezoelectric z-axis positioner (Mad City Labs Inc.) 
is placed inside an acoustic, foam-covered box, and the box is suspended with spring 
which damps out the mechanical vibration from the ceiling. The tip holder and the 
sample are magnetically held on the stage and the tip holding position; a -100mV bias is 
applied to the sample stage for all experiments. The current in the tip is read by the 
Amplifier (Keithley 428 Programmable Current Amplifier) and then collected by the 
Data Acquisition card (National Instrument PXIe-1071 4-Slot 3U PXI Express Chassis 
24-bit) at the rate of 40 kHz. 
During the experiment, the piezoelectric nanopositioner smashes the substrate into 
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the tip until a solid contact is made and then pulls the junction 5nm away so that the gold 
contact breaks. If the experiment is done with a solution of molecules, the molecule can 
bind after gold ruptures. This process can be repeated thousands of times using an 
automated protocol, and data is recorded and processed by a home-built software 
application in Igor (Wavemetrics).  
Conductive Atomic Force Microscope Break Junction Setup 
The Asylum MFP3D-bio AFM is adapted in this thesis to create the single 
molecule break junction platform, which is a shared resource at the Boston University 
Photonics Center. The shared AFM can perform in either air or liquid environments on 
soft biological samples. Furthermore, we have purchased the Asylum dual gain ORCA 
conductive AFM probe holder which provides the instrument with electrical signals in 
addition to force sensing capabilities. This dual gain ORCA holder has two separate 
amplifiers to detect a wide range of current events from 1 picoamp to 10 microamps. The 
goal is to develop this setup into a robust platform for conductive Atomic Force 
Microscope-based break junction measurements (CAFMBJ) on single molecules. 
  
12 
 
Figure 2-2. Asylum MFP-3D-bio with optical components (left), the AFM detector head 
with ORCA holder and sample holder on the piezo positioning stage (right). 
 
Similar to STMBJ, a gold coated AFM cantilever is brought in and out of contact 
with the gold substrate while conductance and force at the cantilever are recorded. The 
circuit of the CAFM break junction setup is the same as that of the STMBJ setup, with a 
10KΩ resistor connected in series with the junction and with a 20mV bias applied all 
experiments. Both current and force information is recorded at 50 kHz. The substrate 
moves at a constant velocity of 100nm/s towards the tip then pulls 100 nm apart 
repeatedly.  
 
Figure 2-3. ORCA tip holder (left), sample holder (right). 
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Sample Preparations and Procedures 
AFM/STM metal specimen discs (magnetic stainless steel Alloy 430, 12mm 
diameter) are purchased from Ted Pella Inc. as the base substrates for gold samples. To 
obtain a smooth surface for gold deposition, discs are polished using PlanarMet 300 
Planar Grinder from Buehler Inc at Boston University Engineering Product Innovation 
Center (EPIC). We typically evaporate 100-150nm thickness gold (Alfa Aesar. 99.985%) 
at the rate of 2 Å/second using a thermal evaporator (Edwards Auto 306 Turbo) in high 
vacuum (10−6torr).  
 
Figure 2-4. AFM magnetic stainless steel (alloy 430) disc as purchased (left), polished disc 
(middle), evaporated gold on disc (right).  
Gold wire (0.25mm diameter, 99.999%) is purchased from Alfa Aesar, then hand-
cut to the desired length and placed in STMBJ tip holder to serve as the tip electrode for 
break junction measurements. For CAFMBJ measurement, we use tapping mode plateau 
tip cantilever PL2-NCHR manufactured by Nanosensors. This plateau tip cantilever has 
spring constant typically around 22-30 nN/nm and resonance frequency around 300 kHz 
in order to reach around 1nN required to break the gold contact. The plateau tip has a 
diameter of around 2 micrometers. We customized it with 10 nm of chromium adhesion 
layer and 150 nm gold layer using the same thermal evaporation process mentioned 
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above. The plateau tip provides extra stability for the gold coating compared to traditional 
sharp AFM tip. The gold coating on the pyramid shape tip is more likely to fall off after 
thousands of experiment cycles.   
 
Figure 2-5. SEM image of Plateau tip cantilever PL2-NCHR after gold evaporation (left), a 
used gold coated PL2-NCHR cantilever after CAFMBJ experiments.  
All molecules in this thesis are dissolved in water, ethyl benzoate, or 
Dimethylformamide; all solvents are purchased from Sigma Aldrich. After the desired 
molecule dissolves in the solvent, we deposit around 30 microliters of liquid onto the 
gold sample, and dry off the solvent using a conventional laboratory oven from Quincy 
Lab Inc at around 60 degrees Celsius until all solvents evaporate away.  
 
Illustration 2-1. A schematic of molecule deposition and solvent evaporation. 
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Conductance Histograms Analysis 
A conductance histogram can be generated by binning conductance data in 
intervals and adding up thousands of individual conductance traces to reveal the most 
probable conductance of the junction. In figure 2-7, the single traces show sudden drops 
in conductance measurements indicating the gold rupture. In figure 2-8, we observe sharp 
peaks at 1𝐺0 and 2𝐺0 indicating the formation of gold wires with 1 and 2 gold atoms. We 
also observe the tunneling current after the junction breaks. 
 
Figure 2-6. Single trances (left) of conductance measurements with only gold contacts. Gold 
contact only conductance histogram showing tunneling current (middle), 1 and 2 𝑮𝟎 
conductance peaks (right). 
Conductive Atomic Force Microscope Conductance Histogram 
Figure 2-8 shows a conductance histogram of a clean gold contact using CAFMBJ 
approach. The appearance of 1𝐺0 peak in the conductance histogram indicates the gold 
rupture event. However, the noise is too high to identify the gold rupture force. The 
power spectrum of our cantilever is shown in figure 2-9 where we see multiple high-
amplitude peaks across a wide range of frequencies. In addition to the large mechanical 
vibration amplitude in the spectrum in the range of 1–100Hz, the system also has 
electrical noise which results in 60, 120, and 240 Hz spikes in the graph.  
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Figure 2-7.  Conductance histograms of an only clean gold sample using STMBJ setup in 
red, and CAFMBJ setup in blue.  
 
 
Figure 2-8. System noise testing power spectrum of AFM cantilever tip off the sample 
surface in green, and tip on a freshly cleaved mica sample surface in red.  
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RESULTS AND DISCUSSION 
The first molecule we studied is purine, and the conductance histogram shows 
three peaks at different conductance values at 3.6 × 10−3 𝐺0, 1.2 × 10
−2 𝐺0, 2.2 ×
10−2 𝐺0. As seen in figure 3-1, for measurements on the adenine molecule, we obtained 
the two lower conductance peaks with the same conductance values as the purine. The 
highest conductance peak of purine disappeared in the adenine conductance histogram. 
To understand the role of the amine group in adenine conductance signatures, we 
measured the 6-Methylpurine where the methyl is at the same location of amine in 
adenine. Figure 3-1 shows the conductance histograms of all three molecules. The 
conductance histogram of 6-Methylpurine has the same three conductance peaks as 
purine.  
 
Figure 3-1. Conductance histogram (left) of purine adenine in blue, purine in green, and 6-
methylpurine in red. Purine molecule has three molecular peaks at 𝟑. 𝟔 × 𝟏𝟎−𝟑 𝑮𝟎, 𝟏. 𝟐 ×
𝟏𝟎−𝟐 𝑮𝟎, 𝟐. 𝟐 × 𝟏𝟎
−𝟐 𝑮𝟎. Adenine has conductance peaks at 𝟑 × 𝟏𝟎
−𝟑𝑮𝟎, 𝟏. 𝟐 × 𝟏𝟎
−𝟐 𝑮𝟎; 6-
methylpurine has the same conductance peaks as purine. Chemical structures (right) of 
purine, adenine, and 6-methylpurine.  
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The data indicate that both purine and adenine can directly bind to gold, and they show 
clear conductance peaks. The purine conductance histogram suggests that the imines-rich 
moieties of purine leads to different binding configurations, which results in multiple 
conductance peaks. Comparing the chemical structure of purine, adenine has an extra 
potential binding site amine group on the pyrimidine ring. Since the 6-methylpurine has 
the same conductance peaks as purine, the amine group in adenine does not appear to 
bind to result in a distinct conductance signatures. Instead, the presence of the amine 
seems to prevent the high-conductance signature at 2.2 × 10−2 𝐺0. We hypothesize that 
the resonance structure of adenine shown in figure 3-2, prevents both the amine group 
and the adjacent imine from binding to gold and eliminates the highest conductance 
signature present for both purine and 6-Methylpurine, but not for adenine.  
 
Figure 3-2. Resonance structure of adenine.  
To further investigate the possible binding configurations of purine in the junction 
that are responsible for the three distinct conductance peaks, we used benzimidazole as 
the control molecule. Benzimidazole had a similar three peak feature as purine as shown 
in figure 3-4(left), but it was missing the low conductance peak. Since all the possible 
binding imines of benzimidazole were on the imidazole ring, we hypothesized that 
imidazole was acting as the linker group for benzimidazole and purines, resulting in the 
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conductance peaks at 1.1 × 10−2 𝐺0, 2.5 × 10
−2 𝐺0. The direct measurement of 
imidazole provides evidence for our hypothesis that the imidazole ring is responsible for 
the high conductance peaks of purine. In contrast, the purine conductance peak at 3.6 ×
10−3 𝐺0 is due to the binding through the pyrimidine ring since it is absent in the 
benzimidazole measurements.  
 
Figure 3-3. The chemical structure of imidazole and potential binding sites 1, 3 nitrogens 
and 2 carbon circled in red.  
To understand the binding mechanism and geometry of imidazole, we also 
measured 1-methylimidazole and 2-methylimidazole. Figure 3-3 shows the potential 
binding sites of imidazole. We have hypothesized that by occupying 1 nitrogen and 2 
carbon with a methyl group could prevent molecular binding with gold. By measuring 
these molecules tested whether the binding is affected by the occupancy of methyl groups 
at possible binding sites. Both of the methylimidazoles bound to the junction and gave a 
clear conductance peak at 2 × 10−2𝐺0 matching the lowest conductance peak of 
imidazole. The higher conductance signatures at 4 × 10−2𝐺0, 6.2 × 10
−2𝐺0 are missing 
in the methyl-substituted molecules. It is still unclear which atoms are responsible for 
binding, and the exact binding mechanism of imidazole remains unknown.  
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Figure 3-4. Conductance histograms (left) of purine in green and benzimidazole in black. 
Benzimidazole has conductance peaks at 𝟏. 𝟏 × 𝟏𝟎−𝟐𝑮𝟎, 𝟐. 𝟓 × 𝟏𝟎
−𝟐𝑮𝟎, 𝟑. 𝟓 × 𝟏𝟎
−𝟐𝑮𝟎. 
Conductance histograms (right) of benzimidazole in black and imidazole in blue. Imidazole 
has conductance peaks at 𝟏. 𝟏 × 𝟏𝟎−𝟐𝑮𝟎, 𝟐. 𝟓 × 𝟏𝟎
−𝟐𝑮𝟎, 𝟑. 𝟓 × 𝟏𝟎
−𝟐𝑮𝟎. 
 
 
Figure 3-5. Conductance histograms (left) of imidazole in blue, 1-methylimidazole in red, 
and 2-methylimidazole in green. Both 1-methylimidazole and 2-methylimidazole have a 
conductance peak at 𝟏. 𝟗 × 𝟏𝟎−𝟐𝑮𝟎. Chemical structure (right) of imidazole, 1-
Methylimidazole, 2-Methylimidazole. 
 
The fact that the conductance peaks of imidazole showed a decrease in integer 
values of the lowest conductance peak at 2 × 10−2𝐺0 shown in table 3-1 suggests that the 
three peak feature in imidazole is due to several molecules bound in the junction at the 
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same time. As the junction elongates, the imidazole molecules break off one by one until 
the junction breaks completely shown in illustration 3-1. However, by placing the methyl 
group in the imidazole molecule, the steric effect prevented the aggregation in the 
junction.  
 
Illustration 3-1. A schematic hypothesis of multiple imidazole binding in the junction. 
 
We also performed break junction measurements in  other solvents to probe what 
factors influenced the aggregation. We used ethyl benzoate as the low polarity and 
dielectric constant reference solvent, and dimethylformamide as the intermediate polarity 
and dielectric constant reference solvent. The high conductance peaks disappeared for 
imidazole in both solvents shown in figure 3-6. The data indicates that the imidazole 
molecule aggregation only appears when using water as the solvent. Moreover, using 
other solvents does not promote aggregation. 
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Figure 3-6. Conductance histograms of imidazole in water in blue, imidazole in ethyl 
benzoate in black, and imidazole in dimethylformamide in pink. Both imidazole in ethyl 
benzoate and imidazole in dimethylformamide has conductance peak at 𝟐 × 𝟏𝟎−𝟐𝑮𝟎. 
 
 1st peak (𝐺0) 2
nd peak(𝐺0) 3
rd peak(𝐺0) 
Imidazole in water 20mM 2 × 10−2 4.2 × 10−2 6.1 × 10−2 
Imidazole in water 10mM 2.2 × 10−2 4.2 × 10−2  
Imidazole in water 1mM 2 × 10−2 4 × 10−2  
Table 3-1. Conductance histogram peaks of imidazole at different concentration.  
 Polarity relative to H2O Dielectric constant 
Ethyl benzoate 0.228 6 
Dimethylformamide 0.386 36.71 
Water  1 80.1 
Table 3-2. Polarity relative to water and dielectric constant of ethyl benzoate, 
Dimethylformamide, and water.11 
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CONCLUSION AND FUTURE DIRECTIONS 
Here, we show that purines in general and adenine, in particular, can directly bind 
to gold without further functionalization. We have established clear and reproducible 
conductance signatures for both molecules. In addition, we have investigated the 
potential binding sites of both purine and adenine and found that both molecules bind 
through the imidazole moiety. Thus, we identify a new linker group imidazole for single 
molecule break junction experiments. However, the exact binding mechanisms and 
binding geometries of imidazole are still unknown and need further investigation.  
To understand the binding of imidazole in the junction, we plan to further develop 
our CAFMBJ apparatus to measure force and conductance signatures of gold-imidazole-
gold junction simultaneously. This approach will allow us to investigate the binding 
chemistries of the newly discovered linker group imidazole by providing bond rupture 
information. This new linker group opens up the opportunity to directly probe other 
biological molecules such as histidine. Furthermore, we will continue our study of other 
DNA nitrogenous bases, such as Guanine with both STMBJ and CAFMBJ techniques.  
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 APPENDIX 
Table Appendix-1. All molecules conductance values.  
 
 𝐺0 
1st peak 
(𝐺0) 
2nd peak 
(𝐺0) 
3rd peak 
(𝐺0) 
1 Methylimidazole  1.9*10^-2   
2 Methylimidazole  1.9*10^-2   
Imidazole in Ethyl Benzoate  2*10^-2   
Imidazole in DMF  1.95*10^-2   
Benzimidazole   1.1*10^-2 2.5*10^-2 3.5*10^-2 
Purine in water  3.6*10^-3 1.2*10^-2 2.2*10^-2  
Adenine   1.2*10^-2   
Guanine analog   1.18*10^-2 2.5*10^-2  
6 MethylPurine 3*10^-3 1.2*10^-2   
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